In order to improve the performance of Al-doped ZnO (AZO) based transparent conducting oxide (TCO) films, a metal Cu-Mo composite layer has been introduced between two AZO films to form an oxide/ metal/oxide structure. The AZO/Cu-Mo/AZO (ACMA) multilayer film was prepared at room temperature by direct current magnetron sputtering equipped with multi-targets. To evaluate the performance of ACMA film as transparent conductors, the optical and electrical properties have been studied. These studies have shown the introduction of Cu-Mo composite layer significantly improves the performance of transparent conducting ACMA film compared to the AZO film as well as AZO/Cu/AZO (ACA) and AZO/ Mo/AZO (AMA) multilayer films. The opto-electrical properties of the ACMA film critically depend on the thickness of the Cu-Mo composite layer. The highest figure of merit $7.96 Â 10 À4 U À1 is obtained for the ACMA film with a 10 nm thick Cu-Mo composite layer, indicating optimum conditions for the fabrication of transparent conducting electrodes. The CIGS solar cell fabricated with the ACMA electrode exhibits substantially higher efficiency (11.59%), compared to ACA or AMA electrodes. The gain in the cell efficiency is attributed to the improved opto-electrical characteristics of the ACMA electrode, resulting from the optimum optical transmittance and charge carrier collections.
Introduction
Transparent conducting oxide (TCO) materials are widely used in a variety of optoelectronic devices, such as at-panel displays, thin-lm transistors, electrochromic devices, gas sensors, liquid crystal displays, light emitting devices and solar cells owing to high optical transmittance in the visible region (>80%) and low electrical resistivity (<10 À3 U cm). [1] [2] [3] Indium tin oxide is the most commonly used TCOs for many years, which offers commercially acceptable performance in terms of high conductivity and optical transparency. [4] [5] [6] However, the In element is toxic, less stable in hydrogen plasma and expensive due to the rapid depletion of the elemental indium sources.
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Thus it is essential to develop alternative indium-free or indium-reduced TCO thin lms for optoelectronic applications. Various alternative TCOs, such as SnO 2 :F (FTO), SnO 2 :Sb (ATO) and ZnO:Al (AZO) have attracted considerable attention for the fundamental studies and optoelectronics, especially in photovoltaics.
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Al-doped zinc oxide (AZO) thin lm offers the advantages of low cost, nontoxicity, high transparency in visible region and reaction stability in hydrogen plasma. 10, 13 AZO is a n-type TCO has wide direct bandgap of 3.37 eV and large exciton binding energy of 60 meV. However, the conductivity of the AZO thin lm is not high enough for practical application, and therefore limits the application in transparent conductors. Metal thin lms display very low optical transparency in the visible region, but exhibit good conductivity. Therefore, various metal thin lms, such as Ag, Au, Al, Mo and Cu metals in the form of thin lms or nanostructures have been inserted between AZO lms in order to improve the conductivity and maintain high optical transparency. [14] [15] [16] [17] [18] [19] Copper is a low cost high conductive material and is being widely used in VLSI technology. Yang et al. 20 reported that the AZO/Cu/AZO lm exhibited a gure of merit of 1.94 Â 10 À2 U À1 and an average transmittance of 84% for a Cu thickness of 8 nm. Molybdenum is an ideal back electrode material which has been used in photovoltaic devices due to its high chemical stability, conductivity and melting point. Lin et al. 21 has shown AZO/Mo/AZO lm achieves a highest gure of merit of 2.23 Â 10 À4 U À1 by optimizing AZO and Mo layer thickness. In addition, bilayer metal lms (Cu layer/Mo layer) or Cr-Cu metal composite layer also have been used to enhance the performance of AZO based TCOs.
Copper indium gallium selenide (CIGS) based thin lm solar cells are receiving worldwide attention for solar energy conversions in view of sustainable and renewable energy production. 22, 23 AZO based TCOs, act as a front contact (known as window layer), are already being used in the fabrication of CIGS solar cell at the industrial level. 13, 24 The conductivity, transparency and stability play an important role in the performance of solar cells. Recent studies have shown the efficiency of photovoltaic devices have been signicantly improved by using oxide/metal/oxide based transparent conducting electrodes, in contrast to a simple oxide based electrodes. 7, 25, 26 Therefore, AZO/metal/AZO based transparent conducting lms with improved optical, electrical or structural properties promise an essential prerequisite for high efficient CIGS solar cells.
In the present work, we have investigated the performance of AZO based TCOs using an intermediate Cu-Mo composite layer. The AZO/Cu-Mo/AZO (ACMA) multilayer lms with different Cu-Mo layer thickness were deposited by direct current (dc) magnetron sputtering. The structural, electrical and optical properties of the ACMA multilayer lms have been studied. In order to examine the performance of ACMA lms as a transparent conductor, CIGS solar cell has been fabricated with ACMA electrode. The opto-electrical properties and performance in CIGS solar cell fabricated with ACMA electrode also have been compared with the device fabricated with AZO/Cu/ AZO (ACA) and AZO/Mo/AZO (AMA) electrodes.
Experimental
The ACMA lms were deposited on PET (polyethylene terephthalate) substrate at room temperature by dc magnetron sputtering system equipped with multi-targets. Prior to the deposition, PET substrates were ultrasonically rinsed in deionized water, acetone and ethanol for 10 minutes each. The substrates were then dried in N 2 ow and used for deposition. The target to substrate distance was $10 cm, and the base pressure was $2 Â 10 À6 Torr. In order to obtain a uniform deposition, the substrate holder was rotated at a frequency of 15 rpm. The deposition was carried out in argon (99.99%) atmosphere at a constant sputtering pressure of 3 Â 10 À3 Torr.
The transparent conducting oxide lms studied in the present work (ACMA, ACA and AMA) are consisted of three consecutive depositions. First, AZO lms were deposited on PET substrate by magnetron sputtering of ceramic ZnO : Al 2 O 3 target (weight ratio $ (49 : 1)) in argon atmosphere at 150 W dc power for 6 minutes. Subsequently, the Cu-Mo composite layers were deposited on AZO lms by co-sputtering of Cu and Mo targets (99.99%) in argon ambient at a dc power of 50 W at room temperature. The deposition time was varied from 10 to 60 seconds to optimize the thickness of Cu-Mo lms. Finally, AZO lms were deposited on Cu-Mo/AZO lms by dc sputtering, as described above. The entire deposition process of ACMA lm on PET substrate is schematically represented in Fig. 1 . The details of the fabrication and characterization processes of CIGS solar cell have been reported earlier. 27 Molybdenum (Mo) back contact electrode for CIGS solar cell was deposited on soda lime glass substrate by dc sputtering. The CIGS absorber layer was deposited on Mo lm following the steps as described in ref. 27 . About 65 nm thick n-type CdS buffer layer was then deposited on top of the CIGS absorption layer using chemical bath deposition. Then the transparent conducting electrodes (ACMA, ACA or AMA lms) were deposited on CdS buffer layer by magnetron sputtering, as described above. Finally, Ag metal contacts were deposited by magnetron-sputtering to complete the fabrication of CIGS solar cells.
The surface morphology of the ACMA lm was analyzed by using eld-emission scanning electron microscopy (FE-SEM, Hitachi S-7400, Hitachi, Japan) with an operating voltage of 15 kV and atomic force microscopy (AFM, Parlo System XE-100). Crystal structure and orientation of the ACMA lm were studied by X-ray diffraction (XRD) measurements using a Rigaku diffractometer equipped with a Cu-Ka radiation source. The optical transmittance spectra were recorded at room temperature by UV-VIS spectroscopy (UV/VIS-NIR spectrophotometer Shimadzu UV-3600). Electrical property of the lms was determined by Hall measurements (Ecopia HMS 3000). CIGS solar cells were characterized by current-voltage measurements in dark and under illumination of Xenon lamp.
Results and discussion
The crystal structure and orientation of the sputter deposited ACMA multilayer lms with different thickness of intermediate Cu-Mo composite layer were investigated by X-ray diffraction (XRD). The XRD patterns of the ACMA multilayer lms are shown in Fig. 2(a) . All the ACMA multilayer lms exhibit a strong (002) reections from hexagonal wurtzite AZO, indicating c-axis orientation of the lms. The variation of full width at half maximum (FWHM) and the grain size of ACMA lms with the thickness of Cu-Mo composite layer is shown in Fig. 2(a) . FWHM values of the (002) diffraction peak gradually decreases with increase in the thickness of Cu-Mo composite layer of ACMA lms. The grain size of the AZO lms were calculated from the (002) reections using Scherrer's formula. 28 It is observed that the grain size of the AZO increases from 12 nm to 25 nm with increase in the thickness of Cu-Mo composite layer from 6 nm to 31 nm. These results imply that the introduction of metal composite layer improves the crystalline quality of top AZO lm. Fig. 2 (c) displays the optical transmittance spectra in the wavelength range of 300-1000 nm of the ACMA multilayer lms with different thickness of Cu-Mo composite layer. The average optical transmittance (%) at wavelength of $500 nm for all the ACMA lms is summarized in Table 1 . The average optical transmittance of the AZO lm without the Cu-Mo composite layer is $85%. Introduction of a $6 nm thick intermediate CuMo composite layer results in a decrease in the optical transmittance to $82%. Further increase in the thickness of the CuMo composite layer leads to a monotonous decrease in the optical transmittance and the average optical transmittance is $62% for $31 nm thick Cu-Mo composite layer. Decrease in optical transmittance with the thickness of Cu-Mo composite layer is primarily attributed to the increase in the absorption as well as reection losses from the ACMA lm. However, the enhancement in light scattering due to the larger grain size of AZO lms may also contribute to the lower optical transmittance of ACMA lms with thicker Cu-Mo layer.
The sheet resistances of the ACMA lms as a function of the thickness of Cu-Mo composite layer are presented in Table 1 . From the tabular data it is observed that the presence of Cu-Mo composite layer signicantly inuences the sheet resistance of the ACMA lms. The sheet resistance is found to decrease with in the thickness of Cu-Mo composite layers. Following the parallel circuit model, the total sheet resistance (R s ) of the ACMA multilayer lm is approximately equal to the parallel resistance of the AZO (R AZO ) and metal (R Cu-Mo ) lms.
Introduction of $6 nm thick Cu-Mo layer in ACMA lm results in a drastic decrease of sheet resistance from 20 000 U sq À1 to 232 U sq À1 . Further increase in the thickness of Cu-Mo layer leading to a monotonous decrease in the sheet resistance and attains a lowest value of 42 U sq À1 for $31 nm thick Cu-Mo layer. It is well known that the conductivity of metal lm is several orders of magnitude higher than that of AZO lm. Therefore, the conductivity of the ACMA multilayer lms is mainly dominated by the conductivity of the Cu-Mo composite layer. As a result, the sheet resistance of the AZO lms decreases with the introduction of metal Cu-Mo composite layer. The performance of transparent conducting lms is well known to be affected by the optical transmittance and sheet resistance. Ideally, both optical transmittance and electrical conduction of transparent conductors should be as high as possible. However, above results reveal that the optical transmittance decreases in contrast to the increase in the conductivity of ACMA multilayer lms. In order to optimize the performance of transparent conducting ACMA lms, the gure of merit (FOM) of the ACMA lms is calculated from the optical transmittance and sheet resistance. 29 The calculated FOM values of ACMA lms with different thickness of Cu-Mo composite layers are listed in Table 1 . The AZO lm without the Cu-Mo composite layer exhibit lower FOM values, due to the high sheet resistance of the AZO lm. Decrease in sheet resistance with introduction of $6 nm thick Cu-Mo composite layer in ACMA lms results in an increase in the FOM value. However, in spite of inferior optical transmittance and sheet resistance, ACMA lms achieves the highest FOM value of 7.96 Â 10 À4 U
À1
for $10 nm thick Cu-Mo composite layer, indicating the best electrical and optical performance among all the ACMA lms. A gradual decrease in FOM values is observed when the thickness of Cu-Mo composite layer increases from 12 nm to 31 nm, due to declined optical transmittance. These results indicate that the ACMA lm with $10 nm Cu-Mo composite layer exhibits optimum optical transparency and electrical conductivity for the application in transparent electrodes. The surface morphology of the sputtered ACMA multilayer lms was examined by the FE-SEM and AFM. Fig. 3(a) shows the cross-sectional FE-SEM image of a typical ACMA multilayer lm deposited on PET substrate with a $10 nm thick Cu-Mo composite layer. It is observed that all the three layers are uniform and compact in nature. The AFM image of the AZO lm deposited on $10 nm thick Cu-Mo composite layer is shown in Fig. 3(b) . AFM image displays the AZO grains are uniformly distributed over the Cu-Mo layer and the average lateral grain size is 30 AE 5 nm. The root mean square surface roughness of the AZO lm is found to be 10.0 AE 0.1 nm. These results are in accordance with the FE-SEM image (top surface) of AZO lm, as shown in the inset of Fig. 3(b) .
The surface morphology and elemental compositions of the sputtered Cu-Mo composite lm deposited on bottom AZO lm were also analyzed by FE-SEM and energy-dispersive X-ray spectroscopy (EDS), and these results are presented in Fig. 4 . FE-SEM image (Fig. 4(a) ) reveals that the sputtered Cu-Mo composite lm is uniform, compact and exhibits remarkably smooth surface. The EDS elemental mapping of Cu and Mo (Fig. 4(b) and (c)) showed that both the elements are uniformly distributed over the AZO lm. The intensity signal counts and mass ratios between Cu and Mo of the Cu-Mo composite lm are shown in Fig. 4(d) . The Cu-Mo composite lm is found to be considerably Cu rich. This is associated with the higher sputtering rate of copper due to its higher sputtering yield than that of molybdenum.
Furthermore, the electrical and optical properties of the ACMA lms were also compared with the ACA and AMA lms with identical thickness ($10 nm) of metal layers. Fig. 5 depicts the optical transmittance spectra of ACA and AMA lms, in which the transmittance spectrum of ACMA lm is also included. A comparison of the optical transmittance, sheet resistance, resistivity and FOM values of the proposed AZO/ metal/AZO lms from the recent literatures are listed in Table  2 . The corresponding values for the ACA, AMA and ACMA lms obtained from the present work are also listed Table 2 . The tabulated data shows that the ACMA lm exhibits higher optical transmittance ($78%), compared to the ACA and AMA lms. On the other hand the sheet resistance of the ACMA lm is inferior (104 U sq À1 ) to the ACA or AMA lms. Nevertheless, the FOM value of ACMA lm is substantially higher than that of ACA and AMA lms. From a comparison with Tables 1 and 2 , it is also seen that the ACMA lm with $6 nm thick Cu-Mo composite layer displays superior opto-electrical performance than that of ACA or AMA lms with thicker ($10 nm) metal layers (Cu or Mo). Therefore, it can be concluded that the introduction of CuMo composite layer between the AZO lms signicantly improves the performance of transparent conducting ACMA lms compared to the AZO lms as well as AZO lm sandwiched with simple Cu or Mo metal layer. It is worthwhile to mention, the FOM value for the ACMA lm is quite comparable to the recently reported for AZO/3 nm Cu/6 nm Mo/AZO lms.
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In order to investigate the performance of ACMA lm as transparent conductor in CIGS solar cell, a CIGS solar cell has been fabricated utilizing ACMA lm deposited under optimized condition. A typical device structure of the fabricated CIGS solar cell is schematically shown in Fig. 6(a) . CIGS solar cells also have been fabricated with transparent conducting ACA and AMA electrodes for the comparison. Tables 1 and 2 , it is also noticed that the cell efficiency is strongly depends on the electrical and optical properties of transparent conductors in terms of gure of merits. It is only the short circuit current density (J sc ) which primarily determines the performance of the solar cells. In other words, the cell efficiency is predominantly depends on the carrier generation in the absorber layers and collection at the electrodes. The solar cell fabricated with AMA electrode displays low efficiency (9.01%), arising from the poor performance of the AMA electrode due to the smaller FOM (1.74 Â 10 À4 U À1 ). ACA based device shows an improvement in cell efficiency over AMA based device increasing from 9.01% to 10.83%. The AMA lms exhibit higher optical transmittance thus higher carrier generation in the absorber layers, but the cell efficiency is limited by the poor carrier collections due to high sheet resistance. The marginal improved device performance in the case of ACA lms is attributed to the better collections at the electrodes because of the smaller sheet resistance. Interestingly, the ACMA lm with highest FOM (7.96 Â 10 À4 U
À1
) value displays substantially enhanced cell efficiency of 11.59%. It is also important to mention that, the efficiency of CIGS solar cell fabricated with AMA, ACA and ACMA electrodes is signicantly higher than the our recent demonstration of AZO (without any metal layer) electrode based device. 27 It has also been reported that the efficiency of photovoltaic devices can be improved by using oxide/metal/oxide electrodes, in contrast to simple oxide electrodes. 7, 25, 26 Therefore, it is believed that the gain in the efficiency of the solar cell is attributed to the improved optoelectrical characteristics, resulting from the optimum optical transmittance and charge carrier collections of the transparent conducting ACMA electrodes. These studies suggest that the device performance of CIGS solar cell can be signicantly improved by using the Cu-Mo composite layer with optimum thickness in contrast to a simple Cu or Mo metal layers stacked between AZO lms.
Conclusion
In summary, the opto-electrical characteristics of AZO based TCOs have been improved by using an intermediate Cu-Mo composite layer stacked between AZO lms. The transparent conducting ACMA lms with different thickness of Cu-Mo composite layer were prepared by direct current magnetron sputtering. The ACMA lms are consisted of uniformly distributed three distinct layers (top AZO, intermediate Cu-Mo composite and bottom AZO layer) displaying compact morphology. The AZO lm without any metal layer exhibits higher optical transmittance, but the large sheet resistance $10 nm thick Cu-Mo composite layer, indicating optimum conditions for the fabrication of transparent conducting electrodes. The ACMA lm with thin Cu-Mo composite layer is also displayed superior opto-electrical performance than the ACA or AMA lms with thicker metal layers (Cu or Mo). The superior transparent conducting properties of the ACMA lm is attributed to the high optical transmittance and inferior sheet resistance compared to the ACA and AMA lms. The cell efficiency of CIGS solar cell fabricated with ACMA electrode (11.59%) is substantially higher than the ACA or AMA electrodes. The gain in the cell efficiency of CIGS solar cell using ACMA electrode is attributed to the improved opto-electrical characteristics, resulting from the optimum optical transmittance and charge carrier collections of the electrodes. The performance of the ACMA transparent conducting electrodes can be further improved by optimizing thickness, composition and structural properties of Cu-Mo composite layer for future high efficient CIGS solar cell.
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